ABSTRACT Mutational processes of simple sequence repeats (SSRs) in complex gen are poorly understood. We examined these processes by introduing a two-phase mutation model. In this model, mos mutations are ngle-step changes, but ifequent large jumps in repeat number also occur. We used computer sinulations to determine expected values of statistics that reflect requency dbutions ofallele size for the two-phase model and two alternatives, the one-step and geometric models. The theoretical expectations for each model were tested by comparison with observed values for 10 SSR loci genotyped In the Sardn population, whose genetic and demograp histories have been previously reconstructed. The two-phase model provided the best fit to the data for most of these locl in this populatIn. the analysis we amed that the ioci were neutral and that this populat had undergone rapid populatin growth. Recent observations made for unstble trinucleotide repeats support our suest that frequent small changes and rare large changs in repeat number represent two distinct classes of mutation at SSR iocl. We genotyped the same10loed in Egyptian and sub-Saharan African samples to assess the utility ofSSRs for studying the divergence of populations and found that esimates of interpopulation distances from SSRs were simr to those derived from analysis of mitochondrial DNA. Simple sequence repeats (SSRs) are ubiquitous and highly polymorphic in mammalian genomes (1) . As a consequence, they have become the principal markers used in genetic mapping studies (2) . Most mutations that have been detected in SSRs show a change in size of one to three repeat units (3, 4) . However, mutations in some SSRs are associated with extreme instability in allele size. This inherited instability of several trinucleotide repeats plays a causative role in several human diseases (5) and indicates that large changes in repeat number do occur (5) . In this paper, we show that analysis of frequency distributions of allele size, at the population level, can be used to understand mutational changes in SSRs. This analysis required the introduction of a two-phase mutation model for SSR loci, which assumes that most mutational changes result in an increase or decrease of one repeat unit, but that mutations of larger magnitude also occur. To test the model, we genotyped a Sardinian population sample at 10 SSR loci.
The distribution of allele sizes in a population depends on its demographic history and on the mutation process. The one-step mutation model, in which alleles change in size by only one repeat unit, has been simulated, in populations of constant size, in two recent studies (6, 7). Valdes et al. (6) found superficial agreement between simulation results and allele frequencies at 108 loci in a sample of muxed European ancestry collected by the Centre d'Etude du Polymorphisme Humain (CEPH). Shriver et al. (7) examined published data at several loci and concluded that, for some loci, allele frequency distributions were consistent with the one-step model, while at other loci they were not. Although data from human populations were analyzed in both studies, past population growth was not taken into account. Neither study examined data from a well-defined population whose demographic history could be inferred. Here, we attempt to understand the mutational process by exa frequency distributions of allele size at 10 SSR loci in a well-defined population, that of Sardinia, for which mitochondrial DNA (mtDNA) data provide independent information about demographic history (8) . We show that the two-phase model can explain the observed frequency distributions at most SSR loci in this population under the assumption that these loci are neutral.
The high degree of polymorphism of SSRs suggests that they may be useful to study population divergence. However, estimates of the rate and pattern of SSR mutations are necessary to develop the most appropriate measure ofgenetic distances between populations. As a first test of the utility of SSRs for such interpopulation comparisons, we genotyped Egyptian and African population samples with the same 10 SSRs as in the Sardinian population. We used these data to compare interpopulation distances based on mtDNA sequences and SSR allele frequency distributions. The results show that SSRs may be useful in reconstructing the genetic history of human populations.
MATERIALS AND METHODS Population Samples. The Sardinian sample (n = 46) was randomly selected from a previously described sample (8) . The Egyptian sample (n = 46) was collected at the University of Mansoura, Egypt. In the African sample (n = 25), DNA of 6 individuals from Benin and 6 from Senegal was kindly provided by R. Nagel (Albert Einstein College of Medicine), and 13 DNA samples (4 from Benin, 2 from Kenya and 1 each from Algeria, Nigeria, Senegal, Tanzania, Zaire, Zimbabwe, and Ghana) were obtained from volunteers in San Francisco.
CA-Repeat Typing. Genomic DNA of population samples from Sardinia, Egypt, and sub-Saharan Africa was genotyped at 10 CA-repeat loci as described (9) except that a PerkinElmer 9600 machine was used and the PCR profile was modified as follows: initial denaturation at 940C for 3 min; 9 cycles with denaturation at 94C for 30 sec, annealing at 550C for 80 sec. and extension at 720C for 30 sec; 14 (10) . Mean pairwise differences of (15) . Given the gene genealogy, the program determined the allelic states in the sample by assigning a state to the root and then adding mutations to the genealogy by letting the number of mutations on each branch be drawn from a Poisson distribution with mean jtt, where 1z is the mutation rate and t is the branch length. Two-Pha Mutation Model. To model the mutation process, we introduced a model which we call the two-phase model. Given that a mutation occurs, it has a probability p of being a one-step mutation and a probability 1 -p of being a multistep mutation. In the one-step phase, the descendent allele has an equal chance of being one repeat unit larger or smaller than its ancestor. In the multistep phase, the change in the number of repeat units is drawn from a specified distribution, gj, that allows for large changes in repeat number. In the results presented here, we assumed that gj is a symmetric geometric distribution with a specified variance, i. That is, gj = Cai for j-1, gj = g-j, and C, the normalization constant, is chosen so that S=,gj = 1/2. The choice of oJ2 determines the value of a. Note that in this model, some of the multistep mutations may by chance change the repeat number by only one, but that probability is small if o8 is relatively large. The typical step size of a multistep mutation is roughly the same as 0g. Thus, with ax = 50, the typical step size is =7 repeat units. To specify the mutation model, then, we need three parameters: the mutation rate (A), the fiaction of one-step mutations (p), and, ifp < 1, the variance of the distribution of larger step mutations (aj). Ifp = 1, the model reduces to the one-step model. The variance in the change in repeat number, given that a mutation occurs, is am, = p + (1 -p).
Demograpic Hstoy. The distribution of allele sizes in a population depends both on the mutation process and on the demographic history of the population. Coalescence theory, which focuses attention on the genealogy of a set of genes, provides a simple way to understand the role of demographic history in shaping genetic patterns (15) (16) (17) . In a population of constant size, N, at equilibrium under mutation and genetic drift, the expected variance in repeat number is m2 = 2Ngr2o, assuming neutrality (7). There is a simple interpretation of this result that aids in understanding the general case; the quantity 2N is the expected time in the past until a randomly chosen pair of copies of the gene can be traced to a common ancestor (i.e., the expected coalescence time). This is the total time during which differences between those copies can accumulate through mutation. The quantity to,2 is the rate at which variance in allele size-i.e., repeat number-is accumulated per generation as a result of mutation.
The same principles apply under other assumptions about the demographic history of a population. The expected variance in allele size in a population, m2, is the product of the average time until common ancestry, T, and the rate of increase in variance by mutation-i.e., m2 = TpA4^. Different assumptions about the demographic history lead to different values of T. For example, if a population is very large until a time Tin the past and very small before that, then no alleles would have their first common ancestor until T (17) . Then, because the population size is assumed to be quite small, all the coalescent events will occur in a relatively short time. Hence, T, the average coalescence time, is approximately T. the time at which the population rapidly expanded (17) . Further, the gene genealogy in this case is almost "starlike," meaning that the terminal branches are quite long and the internal branches are relatively short. A starlike phylogeny is found when most of the coalescent events occur in a short time. Exponential population growth that is sufficiently rapid for a long time also leads to a starlike gene genealogy, with the value of T depending on the parameters of the growth model (16) .
TEST OF THE TWO-PHASE MODEL
A demographic model that assumes rapid population growth and low admixture is appropriate for the Sainian population because previous evidence suggests that this population has such a history (8) . Studies using traditional markers, nuclear DNA polymorphisms, and mtDNA sequences suggest that the Sardinian population has been isolated and has undergone a long period of independent evolution (18, 19) . Although these data do not allow us to select a particular model of population growth for the Sardinian population, existing theory indicates that if the resulting gene genealogy is starlike, the exact pattern of population growth is unimportant (16, 17) . For that reason, we assumed a model of instantaneous growth which allowed us to easily determine the value of T, the average coalesence time. We assumed T = 5O00 generations, which is in rough agreement with the mtDNA data from Sardinians that show a common ancestral mtDNA around 100,000 years ago (15) . We assumed N = 107 between the present and 5000 generations in the past and N = 103 before 5000 generations in the past. This model represents a drastic bottleneck in population size that results in a starlike gene genealogy.
To compare the theory with the Sardinian data, we chose the parameters of the mutation model to match the observed variance in repeat number for each locus, using the formula m2 = Tp42.. We assumed a sample size, n, of 100 copies of a locus and ran replicate simulations with those parameter 3168
Genetics: Di Rienzo et al. values until 1000 replicates were obtained with values of the variance within a narrow range that contained the observed variances for each locus. For convenience, the loci were grouped into five categories (I-V) based on the variances observed in the Sardinian population (Table 3) . We do not assume that loci in the same group are governed by the same mutation process, only that variances within a group are similar enough that the results for the one-step model can apply to all loci in that group. The ranges in values of M2, the variance, for each group are as follows: I, 1 < M2< 3; II, 2.5 <M2<7.5; III, 7.5<M2 <12.5; IV, 12.5<M2 <17.5; V, 25 < m2 < 35. In each replicate, we calculated two other statistics, the computed homozygosity, Ho = Xp2, where pi is the frequency of allele i, and the frequency of the most common allele, q. The result from a set of 1000 replicates is a set of 1000 values of Ho and q. We sorted those values and used the largest and smallest 2.5% to provide approximate 95% confidence intervals for each set of parameter values. We found in preliminary simulations that, with other parameters held constant, the lower and upper bounds of both confidence intervals increased with decreasing values of p, the frequency of one-step mutations. Also, the lower and upper bounds increased with increasing values of ,', the variance of the multistep mutations. The intuitive reason for this result is clear. A single mutation of large effect will contribute substantially to the variance but it will contribute very little to the overall genetic variability as measured by Ho or q.
For each group of loci, we first used the one-step model (p = 1) to determine whether it was sufficient to account for the observations at each locus (case a in Table 3 ). For 8 of the 10 loci (Mfd 3, Mfd 5, Mfd 32, Mfd 33, Mfd 38, Mfd 75, Mfd 104, and Mfd 139), the one-step model could be rejected because the observed values of Ho and q were larger than the upper confidence limit. We then chose different parameters of the two-phase model, p and crg to determine whether that model could be fit to the observations. In all cases, a relatively low probability of multistep mutations (0.80 c p c 0.95) was sufficient to explain the observations. These results were not sensitive to the actual limits of the ranges of M2 used to group the loci. For example, for the case of p = 1 the confidence intervals in Table 3 for the loci in group II were obtained by using values of m2 in the range 2.5-7.5. If instead the range 
DISCUSSION
Our results suggest that allelic variation at dinucleotide repeat loci can be adequately explained by a two-phase model of mutational change which assumes primarily single-step changes in allele size but also includes rare but important events of larger magnitude. This conclusion is based on the fit of the two-phase model simulations to observations of 10 SSR loci in the Sardinian population, if we assume that this population has undergone rapid population growth and that these loci are neutral. Models that incorporate geometric size changes alone can be rejected. For 8 of the 10 loci examined we could reject the one-step model in favor of the two-phase model; only 2 loci are consistent with the one-step model. The data also suggest that, as the variance in repeat number at a locus increases, the frequency or magnitude of the second phase of mutation (large changes in repeat number) also increases.
Directly observed mutations in SSRs have been of small magnitude, except for the dramatic expansions seen in unstable trinucleotide repeats and in certain tumor cells (20) (21) (22) (1994) (DM) (20) ; in a normal population sample, the pattern of variation in allele frequencies at the unstable (CTG), triplet and two flanking polymorphic loci suggests that a few large jumps from a putative founder allele led to alleles in a size range which predisposes to instability. The more frequent small steps produced the narrow range of sizes that includes the most common alleles in the normal population. This finding supports our contention that a two-phase mutation process predominates for SSR loci, both normal and unstable.
Information about the mutation rate of SSRs further supports the two-phase model. SSRs display widely varying degrees of instability, with reported mutation rates in humans (excluding the unstable triplets associated with diseases) ranging from about 10-2 to 10-5 per generation (1, 3, 4, 23) . Using these estimates of the mutation rate (pA) and the variance (m2) obtained from allele size frequency data, we can apply the theoreticalrelationship m2 = Thurm to estimate T, the time since rapid population growth, and oa,, the net increase in variance under mutation. For example, estimated mutation rates in the range 1-5 x 10-4, averaged over large sets of dinucleotide repeat loci, have been reported in studies of a collection of families of mixed European ancestry (3, 4) . The average m2 was previously computed to be 9.94 for a similar set of loci in the same collection (6 (24, 25) . Although the two-phase model appears to provide a good description of the mutational process of most SSRs, the factors involved in initiating instability remain unknown. Recent evidence indicates that mutations in particular genes can alter the mutation rate at SSRs throughout entire genomes. Such a mutation has been identified in Saccharomyces cerevisiae in a gene involved in DNA mismatch repair (26) . Also, a high proportion of tumor cells isolated from colon cancer patients display instability at dinucleotide SSRs on several chromosomes (21, 22) . The mutations associated with colon cancer are of two types; small steps in repeat number are characteristic of some tumors, whereas large jumps are characteristic of others. This finding further supports the hypothesis that variation in SSRs derives from two classes of mutation, as in the two-phase model, and suggests that general processes of mutagenesis and/or DNA repair could initiate the frequent small changes and rare large changes in repeat number that we have shown must occur at most polymorphic SSR loci.
The 10 loci examined in this study display a similar range in repeat number across populations, suggesting that these polymorphisms at least partially pre-date the divergence of these populations. Comparison of allele frequency distributions for SSR loci provides information on the differentiation of populations. For example, the Egyptian population is believed to display admixture between African and Caucasoid lineages. For several of the loci in our study (e.g., Mfd 75), the distributions in Africans and Caucasoids are quite different but the distribution in Egyptians largely overlaps them both, supporting the hypothesis of admixture. We computed a widely used measure of interpopulation divergence, FsTr, from the allele frequency data for these three populations (11, 12) . The FsT measure does not take into account the mutational history that produced the various alleles in the population and relies on the assumption that recurrent mutations do not occur. The bidirectional nature of SSR mutations violates these assumptions, because old and new events can produce alleles of identical size. However, the FST values obtained from SSRs suggest relative distances similar to those derived from analysis of mtDNA sequences ( Table 2 ). This result can best be explained as follows: large jumps in repeat number, which we have shown must occur and which produce most of the variance, are less likely to produce alleles of the same size than are single-step mutations. Our results thus suggest that loci with high variance in repeat number are most appropriate for investigating population differentiation. Data from more loci will be needed to evaluate this suggestion and to determine the utility of SSRs in studying human genetic diversity.
